Genetic diversity and biological variation were compared for California isolates of Cucumber mosaic virus (CMV). These fell into five pathotypes based on their reactions on three cucurbits including a susceptible squash, a melon with conventional resistance and a commercial CMVresistant transgenic squash. Thirty-three isolates infected and caused symptoms on CMV-resistant transgenic squash. Forty-two isolates infected the CMV-resistant melon, but only 25 isolates infected both. Single-strand conformation polymorphism (SSCP) analysis was used to differentiate 81 California isolates into 14 groups, and the coat protein (CP) genes of 27 isolates with distinct and indistinguishable SSCP patterns were sequenced. Fourteen isolates corresponding to the different SSCP patterns were also used for phylogenetic analysis. Seventy-nine isolates belonged to CMV subgroup IA, but two belonged to CMV subgroup IB. This is the first report of subgroup IB isolates in the Americas. All CMV isolates had a nucleotide identity greater than or equal to 93?24 %. There was no correlation between CP gene variation and geographical origin, collection year, original host plant, or between the degree of CP amino acid sequence identity and the capacity to overcome transgenic and/or conventional resistance. SSCP and sequence analyses were used to compare 33 CMV isolates on CMV-resistant transgenic squash and susceptible pumpkin plants. One isolate showed sequence differences between these two hosts, but this was not due to recombination or selection pressure of transgenic resistance. CMV isolates capable of infecting cucurbits with conventional and transgenic CMV resistance were present in California, even before CMV transgenic material was available.
INTRODUCTION
Genetically engineered transgenic resistance has been used recently in attempts to control plant virus diseases (Beachy, 1997; Gonsalves, 1998) . Despite the numerous potential benefits offered by the use of transgenic plants for virus disease control, concerns have been raised regarding their widespread use. One concern has been the possible development and/or emergence of new viruses and/or virus genotypes that could overcome the engineered resistance and subsequently affect virus and host plant ecology (Aaziz & Tepfer, 1999; Robinson, 1996; Tepfer, 1993) . This could potentially result from many different causes. First, several studies have shown that recombination can occur between an infecting mutant virus and transgenic plants expressing wild-type genes of the same virus Gal et al., 1992; Greene & Allison, 1994 Schoelz & Wintermantel, 1993; Wintermantel & Schoelz, 1996) , suggesting that new virus genotypes might be generated via such events. Secondly, it is possible that virus genotypes that are able to infect transgenically derived resistant plants may already exist in natural virus populations and they could gradually take advantage of the niches available after the deployment of resistant plants. Thirdly, RNA viruses have potential for high genetic variation due to the absence of proofreading ability of the RNA replicase. A single virus isolate does not consist of a single RNA sequence, but of a population of related sequence variants, often referred to as quasispecies (Domingo et al., 1995; Eigen, 1996; Holland et al., 1992) . The quasispecies nature of RNA viruses implies a high adaptive potential, allowing for the rapid selection of biologically distinct sequence variants with the highest fitness in new environments. Thus, if present, sequence variant(s) capable of overcoming transgenic resistance could rapidly come to dominate the virus population allowing for a resistance-breaking phenotype. Therefore, knowledge of virus population diversity relative to transgenic (and even conventional) resistance is needed.
Cucumber mosaic virus (CMV) is one of the most economically important plant viruses and has a very wide host range including plants from approximately 365 genera and at least 85 families (Palukaitis et al., 1992) . A number of CMV isolates have been described previously and classified into two subgroups, I and II, according to serological relationships, peptide mapping of the coat protein (CP), nucleic acid hybridization and nucleotide sequence identity (Palukaitis et al., 1992) . More recently, phylogenetic analysis of a number of CMV isolates led to a further subdivision of subgroup I into subgroups IA and IB (Roossinck, 2002; Roossinck et al., 1999) . CMV is endemic in cucurbit planting areas in California and other parts of the world, and effective genetic resistance is lacking in most cucurbits (Provvidenti, 1993) . Transgenic yellow crookneck squash (Cucurbita pepo cv. Destiny III) plants engineered with the CP genes of CMV, Zucchini yellow mosaic virus (ZYMV) and Watermelon mosaic virus (WMV) have been developed and sold commercially in the USA, and have shown good resistance against a number of CMV isolates . However, whether resistance-breaking CMV isolates/ variants already exist in virus populations, and whether or not specific CMV genotypes may be associated with transgenic or conventional host plant resistance, are unknown. In this paper, we used host range analysis, RT-PCR, single-strand conformation polymorphism (SSCP) and nucleotide sequence analyses to estimate the biological and genetic diversity of California CMV isolates collected before and after the development of CMV-resistant transgenic Destiny III plants.
METHODS
Virus isolates. Eighty-one California CMV isolates were analysed (see Tables 1 and 2) . We consider an isolate as a virus culture derived from a single infected plant, and the isolates used here represented two groups. The first, group a, consisted of 63 CMV isolates collected from cucurbit trials containing transgenic and non-transgenic squash lines and cultivars at the Kearney Agricultural Center (Parlier, CA, USA), in 1999. Group a CMV isolates were collected directly from field plants. Symptomatic leaves were either harvested and directly frozen at 220˚C until analysis, or inoculated to indicator plants in the greenhouse. Leaves from these indicator plants were then vacuum-dried and stored at 220˚C until used for analysis. The second group, group b, consisted of 18 CMV isolates collected from various host plants and different areas during 1985-1994 (see Table 2 ). These represented a collection of diverse isolates and exact records of their collection and/or maintenance were not always available. Some group b isolates were mechanically transferred in the greenhouse to various host plants at different times. In these cases, leaf samples were vacuum-dried and the date stored was noted. For some of these isolates, two or three samples stored at different times were available and these were used here to evaluate the stability of the isolate over time (see Table 2 ). Wellcharacterized CMV strains including CMV-Fny (subgroup I) and CMV-Ls and -Q (subgroup II) (kindly provided by K. Perry, Purdue University) were maintained on plants of small sugar pumpkin (C. pepo L. cv. Small sugar) and used for comparison.
Biological assay. All biological tests were carried out by mechanical inoculation with infected leaf tissue ground in potassium phosphate buffer (0?03 M potassium phosphate, pH 7?4, containing 0?05 % Na 2 SO 3 ) (1 : 10, w/v). The sap was gently rubbed on the cotyledons of test plants pre-dusted with celite. The inoculated plants were maintained in an insect-proof greenhouse at 18-25˚C for up to 5 weeks post-inoculation. Three cucurbits were used for inoculation: Dixie (C. pepo cv. Dixie, susceptible) and Destiny III (transgenic resistance to WMV, ZYMV and CMV) yellow crookneck squash (kindly provided by Seminis Vegetable Seed Company), and Freeman cucumber [Cucumis melo var. Conomon, conventional resistance to CMV (Enzie, 1943) ELISA. Indirect ELISA was carried out according to the method of Sasaya & Yamamoto (1995) . Antibodies to CMV, WMV, ZYMV and Papaya ringspot virus (PRSV) were from our laboratory collection of polyclonal antisera.
RT-PCR amplification. Oligonucleotide primers were designed for the CMV CP gene and 39 non-translated region (39NTR) based on the nucleotide sequences of CMV-Fny RNA 3 (subgroup I, GenBank accession no. D10538) and CMV-Q RNA 3 (subgroup II, GenBank accession no. M21464). These primers are highly conserved within each subgroup and are subgroup-specific. Primers F1 and F3 are complementary to the RNA 3 39-terminal nucleotides 2197-2216 and nucleotides 1902-1922 of CMV-Fny, respectively. Primer F4 corresponds to nucleotides 1245-1266 of CMV-Fny RNA 3. Primers Q1 and Q3 are complementary to the RNA 3 39-terminal nucleotides 2174-2193 and nucleotides 1850-1872 of CMV-Q, respectively. Primer Q4 corresponds to nucleotides 1235-1256 of CMV-Q RNA 3.
Total RNAs were extracted from healthy and CMV-infected plants using TRI reagent (Molecular Research Center) according to the manufacturer's instructions. First-strand cDNA was synthesized (primer F1 for subgroup I, primer Q1 for subgroup II) using total RNA as template. cDNA synthesis and PCR amplifications were carried out following the method of Rubio et al. (2001) , except that the annealing temperature for both the CP gene (primers F3 and F4, or Q3 and Q4) and the CP+39NTR (primers F1 and F4) were 45˚C.
SSCP analysis. SSCP analysis was performed following the method of Rubio et al. (2001) with slight modifications. Five ml of the RT-PCR product was first digested by restriction endonuclease AflIII for the CP gene, or XhoI for the CP+39NTR, in a 10 ml reaction volume at 37˚C for 60 min in order to obtain smaller size DNA fragments more suitable for SSCP analysis. Two ml of the digested DNA was mixed with 8 ml denaturing solution (95 % formamide, 20 mM EDTA, pH 8, 0?05 % bromophenol blue and 0?05 % xylene/cyanol) and denatured by heating at 95˚C for 10 min. Denatured DNA was subjected to electrophoresis at 4˚C in a non-denaturing 12 % polyacrylamide minigel (for the CP gene, the gel contained 5 % glycerol), using a constant voltage of 200 V for 3 h. The gels were stained with silver nitrate (Rubio et al., 2001) .
cDNA cloning and nucleotide sequence analysis. RT-PCR products of the CP gene were extracted using the QIAquick PCR extraction kit (Qiagen). These were then directly used for sequencing with the respective PCR primers, or were ligated into the pGEM-T vector (Promega) according to the manufacturer's instructions, followed by transformation into Escherichia coli DH5a. Positive colonies were screened by the PCR method using the same conditions as the PCR reaction above described. Sequences were determined in both directions by means of an ABI PRISM DNA sequencer 377 (Perkin-Elmer) in the DNA Sequence Facility of UC-Davis. Processing and multiple alignments of the nucleotide sequences (minus primer sequences) were done using the program CLUSTAL W (Thompson et al., 1994) . Alignments were manually adjusted by MacClade 4.0. The nucleotide distance was estimated using the Jukes-Cantor method implemented in DNADIST of the PHYLIP package (Felsenstein, 1989) . The nucleotide sequences of CMV-Fny, -Q and -C were also used for the estimation of nucleotide distance. The CP gene from CMV-C (GenBank accession no. D00462) was that used to engineer CMV resistance into Destiny III . Phylogenetic relationships were inferred using PAUP* version 4.0b10.0 based on the maximum-parsimony method with a 100 replicate bootstrap search. The first positions of each codon and the transversion substitutions were both weighted as 2. Two other members of the genus Cucumovirus, Peanut stunt virus (PSV) and Tomato aspermy virus (TAV) were defined as outgroups. All branches with <70 % bootstrap value were collapsed.
RESULTS

Viruses recovered from transgenic and nontransgenic plants
Viruses were collected from field cucurbit (zucchini, straightneck, scallop and yellow crookneck squash) trials in two separate plantings in 1999. The trials contained replicated plantings of virus-susceptible cucurbits, nontransgenic genotypes with reported levels of tolerance to one or more potyviruses and transgenic cultivars with resistance to two or three viruses (Table 1) , and virus-infected plants were used as sources of naturally occurring CMV isolates. Visual observations showed that, compared with nontransgenic plants, very few symptomatic plants were found for the transgenic Prelude II, Destiny III or Liberator III plants. Plants showing virus symptoms were collected and tested by ELISA using antisera to CMV, ZYMV, WMV and PRSV (Table 1) . Because so few transgenic plants showed symptoms, only eight samples were collected and analysed. Among four samples collected from plants of Prelude II (containing transgenes for WMV and ZYMV), three were infected by CMV, while one had a mixed infection of CMV and PRSV. Among four samples collected from plants of Destiny III and Liberator III (containing transgenes to WMV, ZYMV and CMV), only two were infected with PRSV. In contrast, among the 77 samples collected from non-transgenic plants, 59 had CMV, four had ZYMV, 29 had PRSV and 54 had WMV (Table 1) .
Biological diversity of CMV isolates on transgenic and non-transgenic plants
Although no CMV isolates were recovered from the transgenic, CMV-resistant Destiny III field plants, we still evaluated the biological diversity of several CMV isolates collected from the surrounding non-transgenic plants or plants with transgenic resistance to WMV and ZYMV (Prelude II). Sixty-three CMV group a isolates identified above, plus 18 group b CMV isolates collected from various host plants and different geographic areas within California during 1985-1994 (Table 2) , as well as the standard strains, CMV-Fny (subgroup I), -Q and -Ls (subgroup II), were compared by inoculating plants of susceptible (Dixie), conventional-resistant (Freeman) and the transgenicresistant Destiny III. All CMV isolates were first inoculated onto plants of small sugar pumpkin. However, as most of the field-collected group a isolates were mixed infections with other viruses (e.g. WMV, ZYMV and/or PRSV; Table 1 ), they could not be used directly for biological comparisons. Therefore, they were first inoculated to Nicotiana benthamiana plants (a non-host for PRSV) to eliminate PRSV. Our ELISA data showed that PRSV was eliminated, as were most of WMV and/or ZYMV. Only 68 CMV isolates free of the potyviruses were used for further biological analyses (but all 81 isolates were used for initial sequence comparisons, see below). Based on their abilities to infect and cause symptoms on plants of Dixie, Destiny III and Freeman, the 68 California CMV isolates could be classified into five pathotypes (Table 3 ).
All CMV isolates infected plants of Dixie, most producing severe symptoms including systemic mosaic and stunting with or without leaf crinkling and curling. However, isolate Ca induced only very mild symptoms, i.e. plant stunting, one or two curled leaves with a few irregular yellowing patches along and around veins and a few necrotic lesions on the petioles. Isolate Ca did not infect plants of either Freeman or Destiny III. Identical results were obtained for three repeated experiments. Isolate Ca was grouped into 
Genetic differentiation by SSCP analysis
By using subgroup-specific primers F1 and Q1 to synthesize cDNA and then performing PCR using primers for the CP gene, we could differentiate CMV isolates belonging to subgroups I and II. CMV-Fny (subgroup I), and CMV-Q 1For those samples of the same isolate dried at different times, the dates when dried are shown in parentheses in the same order. ||Indicates CMV isolates for which the CP gene was sequenced. In group a, isolates CK (7, 8, 14, 18, 26, 27, 31, 33, 34, 38, 41, 48, 49, 54, 57, 58, 62) were sequenced. "Squash plants were in replicated trials composed of transgenic and non-transgenic cultivars and lines (see Methods and Table 1 ).
and -Ls (subgroup II) yielded a single DNA fragment of about 678 bp (subgroup I) and 638 bp (subgroup II), respectively, as expected. No RT-PCR products were obtained from extracts of healthy plants using either primer set, or from plants infected by subgroup I or II isolates using the heterologous primers (data not shown).
Considering that subgroup I isolates are more common in California (Daniels & Campbell, 1992; Rodriguez-Alvarado et al., 1995) , we first used primer F1 to synthesize cDNA and then performed PCR with primers F3 and F4. All 81 isolates (from the initial inoculated plants of small sugar pumpkin) yielded a single DNA fragment of about 678 bp (data not shown), suggesting that they belonged to subgroup I. The RT-PCR products were further used for SSCP analysis and nucleotide sequencing.
We next used SSCP analysis of the CP gene RT-PCR product as a first approach to differentiate CMV isolates having different nucleotide sequences. To achieve greater sensitivity and resolution, we used the restriction endonuclease AflIII to cleave the CP DNA product into two smaller DNA fragments of 214 bp and 464 bp. Fourteen distinct SSCP patterns were obtained after analysing the AflIII-digested PCR products of all 81 CMV isolates (Fig. 2) . When SSCP patterns for all isolates were examined together, patterns F and I were the most predominant, found for 23 and 40 isolates, respectively. Among 63 group a isolates, 23 showed pattern F and 32 showed pattern I (Fig. 2) . Pattern I also represented the majority of group b isolates (8 of 18 isolates, Fig. 2 ). Samples of the same group b isolates, but dried and stored at different times, showed the same SSCP pattern (e.g. see isolates 144I, I90, 116, SJ91, 113 and 160, Table 2 ). This suggested that these isolates had not changed significantly during laboratory and greenhouse manipulations, at least in CP sequence.
Nucleotide sequence variation
RT-PCR products of 27 CMV isolates (see Table 2 ) with different or indistinguishable SSCP patterns were sequenced in order to assess the sensitivity of our SSCP analysis and to estimate the genetic distance between 81 CMV isolates, and between samples of the same isolates dried at different times (i.e. SJ91 A, B and C). Nucleotide sequences were also analysed for the possible correlation between the CP gene sequence and ability of the CMV isolates to infect plants of Destiny III and/or Freeman. Comparison of nucleotide sequences of those isolates having different SSCP patterns showed that even one base substitution in a 678 bp DNA , tenfold less than for those with different SSCP profiles. These results indicated that our SSCP analysis was very sensitive for detecting minor sequence variations. Thus, even though not all RT-PCR products for all isolates were sequenced, the nucleotide distance between isolates with different SSCP patterns most likely gave a good estimation of the nucleotide distance of all CMV isolates analysed here.
When nucleotide sequences of the groups a and b CMV isolates were compared, we found that all group a isolates showed very high sequence identity (>98?84 %), despite the fact that some isolates had distinct SSCP patterns. In contrast, group b isolates were more diverse. The nucleotide identity of group b isolates was as low as 93?24 %. However, half the group b isolates (SSCP patterns I and J) had very high identity (>98?77 %) with group a isolates, suggesting that the genetic variation of CMV in California was not correlated with the geographic region, harvest date or host plant from which the virus was originally isolated. Also, we found no association between the nucleotide sequence and the biological characteristics, especially the ability to infect plants of Freeman and/or Destiny III. When the deduced amino acid sequences of those isolates infecting resistant or susceptible plants were compared, there were no differences.
Phylogenetic analysis of the CP gene
To analyse and compare these CMV isolates further, phylogenetic analysis of the CP gene was performed for the 14 isolates that represented different SSCP patterns, together with 13 nucleotide sequences from GenBank, as well as two other members of the genus Cucumovirus, PSV and TAV, defined as outgroups. The result confirmed our RT-PCR data showing that these 14 CMV isolates belonged to subgroup I (Fig. 3) . In addition, and somewhat surprisingly, we found that these isolates were split into two subgroups. Isolate 113B belonged to subgroup IB and was most closely related to isolates NT9 and Tfn from Taiwan and Italy, respectively. These three isolates formed a single clade with 100 % bootstrap support. Isolate C94T5, which showed the same SSCP pattern as isolate 113B (see Fig. 2 ), was then also sequenced and used for phylogenetic analysis. Isolate C94T5 was found to have only one nucleotide change from 113B, and by phylogenetic analysis it also fell into the same clade as isolates 113B, NT9 and Tfn (data not shown). The remaining 13 CMV isolates fell into subgroup IA. Among these, isolates C94M3 and V27 formed a clade having 88 % bootstrap support. All group a isolates (CK26, 27, 31, 33, 41, 51 and 57) and a group b isolate (MD284) were closely related to each other and formed a clade having 98 % bootstrap support. Overall, group b isolates were more diverse than group a isolates (Fig. 3) .
Comparison of major sequences from CMVinfected transgenic and non-transgenic plants
RT-PCR products, as used here, represent the mixture of virus sequence variants with the major sequence reflected as the prominent bands in the SSCP patterns (Rubio et al., 1999 (Rubio et al., , 2001 . To assess whether the major sequence variants of 33 CMV isolates from CMV-infected plants of Destiny III were different from those in the original inocula (CMVinfected plants of small sugar pumpkin), SSCP analysis of the XhoI-digested RT-PCR products of the CP+39NTR region (972 bp, see Fig. 2 ; this region was used for transformation to create Destiny III) was performed. Our results showed that the major SSCP bands for 32 of the 33 CMV isolates were indistinguishable for a given isolate when the SSCP patterns of CMV-infected plants of Destiny III and (4, 5, 7, 8, 9, 12, 14, 18, 33, 34, 36, 37, 38, 43, 45, 48, 49, 50, 52, 55, 56, 58, 62) ; pattern G: CK57; pattern H: CK41; pattern I: CK (1, 2, 3, 6, 10, 11, 13, 15, 16, 17, 19, 20, 21, 22, 23, 24, 25, 28, 29, 30, 31, 32, 35, 39, 40, 42, 46, 47, (59) (60) (61) 63) pumpkin were compared (Fig. 4, and data not shown) . Thus, significant changes in the major sequences were not detected for most isolates. However, one isolate, CK41, did show obviously different SSCP patterns for RT-PCR products from plants of Destiny III compared with those from plants of pumpkin (Fig. 4) . The SSCP bands seen for CK41-infected Destiny III plants appeared to be a subpopulation of those in the CK41-infected pumpkin SSCP profile.
To determine whether the SSCP profiles seen above for CK41-infected Destiny III plants were due to selective effects of the transgenic resistance, we used CK41-infected small sugar pumpkin plants to inoculate Destiny III and nontransgenic plants, including Dixie (which is of the same genetic background as Destiny III, but is not transgenic) and analysed the major CMV CP sequences from each plant. We first compared RT-PCR products of the CP+39NTR by SSCP analysis, and then cloned the RT-PCR products of the CP gene and compared sequences for ten clones from CK41-infected pumpkin, N. benthamiana, Dixie, Destiny III and Freeman plants. These analyses showed that the original CK41-infected pumpkin plant contained two dominant CMV sequences (designated as sequences A and B) that were only 98?97 % identical over the CP region (seven nucleotide differences). Sequence A was the dominant sequence in CK41-infected N. benthamiana, Dixie and Destiny III plants, and sequence B was the dominant sequence in CK41-infected Freeman plants. Thus, the SSCP profile for CK41-infected Destiny III plants (Fig. 4) was not due to recombination between the transgene and infecting virus nor due the selective effects of the transgenic resistance, because the same change was also seen for non-transgenic plants.
DISCUSSION
We present data here on the biological and genetic diversity of California CMV isolates. Using biological analysis we identified 33 CMV isolates capable of infecting CMVresistant transgenic squash. It is interesting to note that 16 of these isolates were collected and/or stored prior to the development of the transgenic CMV-resistant Destiny III. Thus, CMV isolates capable of infecting transgenic resistant plants were already present and did not arise in the population as a result of selection pressure imposed by the transgenic resistance. Also of interest is that 17 CMV isolates capable of infecting transgenic-resistant squash came from the field trials where Destiny III and other virus-resistant transgenic plants were grown. However, none of these isolates came from field-grown plants of Destiny III (or Liberator III), but were from plants of non-transgenic cultivars grown in the same trial, or plants with transgenic resistance to WMV and ZYMV (Prelude II) but not CMV (Table 1 ). All of the plants of Destiny III in the field trial and tested by us were CMV-negative, indicating that, despite the Table 1 and 2. The order of isolates shown in the column at the left from top to bottom is repeated across the top from left to right (except for Q). Consensus nucleotide sequences were determined directly from RT-PCR products. Numbers indicate differences per 100 nucleotides. The GenBank accession numbers of these 14 sequences are AF523339-AF523352. 3Nucleotide sequences for CMV-Fny, -C and -Q were obtained from GenBank. CMV-Fny and CMV-Q are representative of subgroups I and II, respectively. CMV-C is the source of the CP gene used to create Destiny III plants.
local presence of CMV isolates capable of infecting the transgenic Destiny III, the transgenic CMV-resistant plants exhibited effective field resistance. It should be noted that the inoculation method we used in the greenhouse was mechanical inoculation, so that the challenge pressure (i.e. the concentration and dose of virus inoculum) is most likely much higher than occurred in the field, and we consistently inoculated young plants. At least some of these factors have been shown to affect resistance and susceptibility of transgenic, virus-resistant plants (Ferreira et al., 2002) . The plants in the field are generally exposed to various levels of virus pressure by aphid inoculation at different ages, and previous work has shown that the protection conferred by the CP-mediated transgenic plants was effective against aphid inoculations of CMV (Quemada et al., 1991) .
Our results also showed that 42 CMV isolates were able to overcome the conventional resistance of Freeman plants (Table 3) . Among these isolates, 17 did not infect transgenic Destiny III (pathotype V), and among 33 isolates capable of overcoming the transgenic resistance, eight did not infect plants of Freeman (pathotype IV). These results suggest that the mechanisms involved in overcoming Freeman resistance and transgenic Destiny III resistance are different, and that California CMV populations are biologically diverse and contain variants with the ability to overcome both types of resistance.
A number of studies have shown that CP-mediated transgenic resistance generally provides more effective protection against challenging viruses with higher amino acid sequence identity as opposed to distantly related viruses or virus strains (Anderson et al., 1989; Nelson et al., 1987 Nelson et al., , 1988 . The resistance of plants of Destiny III is believed to be mediated at the CP protein level, and not by post-transcriptional gene silencing (Quemada & Tricoli, 1995) . Therefore, if this scenario applies to plants of Destiny III expressing the CMV-C CP gene, it would be expected that plants of Destiny III would show better protection against infection by closely related isolates (i.e. subgroup I isolates) than by distantly related isolates (i.e. subgroup II isolates). This trend was observed when Destiny III was challenged by CMV-Fny, which has 98?69 % amino acid identity with CMV-C. However, Destiny III also showed high protection against infection by CMV-Q and CMV-Ls (subgroup II), which only have 80?51 % amino acid sequence identity with CMV-C. When the group a isolates having 100 % amino acid sequence identity with one another, but only 97?37 % amino acid sequence identity with CMV-C, were compared, we found that some group a isolates could infect plants of Table 2 for description and Table 4 for GenBank accession numbers). Fig. 2 ). Isolate names (see Table 2 ) are shown at the tops of lanes. Plants used: P, C. pepo cv. Small sugar (pumpkin); De, C. pepo cv. Destiny III.
Destiny III (or Freeman) and some could not. Thus, there was no direct correlation in our studies between the CP amino acid sequence identity of the CMV isolates used here and their ability to infect plants of Destiny III or Freeman. The lack of correlation between the degree of amino acid sequence identity and the level of protection was also observed in the transgenic tobacco plants expressing the CP gene of CMV-C (Quemada et al., 1991) . Thus, other factors (e.g. non CP-viral genomic sequences, CMV satellite RNAs) could contribute to the biological variation.
SSCP proved here to be very sensitive for evaluating the molecular variation of CMV isolates. It was also used to compare the major sequences of the CMV isolates infecting transgenic Destiny III and non-transgenic plants. A rapid change of major sequence within a population of an individual isolate might result from selection of sequence variants with a higher adaptive potential after a host shift, or could be due to the appearance of a more competitive new genotype generated via recombination between the transgene and the infecting virus (see introduction). Our data showed that most CMV isolates analysed did not show significant major sequence changes after infecting transgenic Destiny III plants. For isolate CK41, which did show a different major sequence variant (SSCP pattern) in transgenic and non-transgenic plants, further analyses showed that this difference was due to neither recombination nor selection by transgenic resistance, but most likely reflected a random colonization on new host plants from a mixed population inoculum, because the subdivision of sequences A and B to different host plants was not consistently observed in three repeated inoculations and SSCP analyses (data not shown). More detailed evaluation of the effects of host species and transgenic resistance on the population structure within virus isolates is needed.
Sequence analysis of the CP genes of 27 CMV isolates with distinct and indistinguishable SSCP patterns (Table 2 and Fig. 2 ) showed that these CMV isolates all belonged to CMV subgroup I. Based on the sensitivity and accuracy of our SSCP analysis, it is reasonable to conclude that all 81 California CMV isolates analysed here belonged to subgroup I. It is unlikely that subgroup II isolates were also present as: (i) mixed infections with subgroups I and II isolates have not been reported from North America; and (ii) we also analysed the CMV MP gene of these same isolates by RT-PCR using CMV subgroup-universal primers and no subgroup II sequences were found by SSCP and nucleotide sequence analyses (unpublished data). Nucleotide sequence data also showed group a isolates collected from Kearney Agricultural Center in 1999 had very high sequence identity (>98?84 %; Table 4 ), and they formed a single clade in the phylogenetic analysis (Fig. 3) , suggesting that the extant CMV population at this location was most likely derived from a common ancestor and only recently spread over the area. In contrast, group b isolates were more diverse,with nucleotide identities as low as 93?24 %. This diversity was further confirmed by phylogenetic analysis (Fig. 3) . It is also interesting to point out that two subgroup IB isolates (113B and C94T5) were found among the California CMV isolates analysed here, and they were most closely related to isolate NT9 from Taiwan and isolate Tfn from Italy. Indeed, these four isolates only had one to three nucleotide differences ( Fig. 3 and data not shown). Subgroup IB isolates were believed to be only distributed in Asia (Roossinck et al., 1999) and Italy (Roossinck, 2002) . Thus, this represents the first report that subgroup IB isolates occur in the Americas. The diversity seen here among group b isolates is not so surprising as they were collected from different plant species, in different areas and in different years. However, the genetic variation of CMV observed here was not correlated with geographic region, collection date or plant species. This is similar to the population structure of CMV described in Spain, where the genetic structure of 17 CMV subpopulations was not correlated with location or year, but showed a metapopulation structure with local extinction and random recolonization from local or distant virus reservoirs (Fraile et al., 1997; Garcia-Arenal et al., 2001 ).
